1
Several mechanisms of resistance have been identified, underscoring the complex nature of estrogen receptor (ER) signaling and the many connections between this pathway and other essential signaling pathways in breast cancer cells. Many therapeutic targets of cell signaling and cell cycle pathways have met success with endocrine therapy and remain an ongoing area of investigation. This review focuses on two major pathways that have recently emerged as important opportunities for therapeutic intervention in endocrine resistant breast tumors: PI3K/AKT/mTOR cell signaling and cyclinD1/ cyclin-dependent kinase 4/6 cell cycle pathways. Additionally, we highlight individual and combination strategies in current clinical trials that target these pathways and others under investigation for the treatment of ER positive breast cancer.
Introduction
Endocrine therapy has dramatically improved survival in breast cancer patients over the past several decades, however resistance to these therapies remains one of the major causes of breast cancer mortality today [1] . Late recurrence and death from estrogen receptor positive (ER+) breast cancer can occur for at least 20 years after the original diagnosis even after 5 years of adjuvant endocrine therapy [2 ] . Identifying mechanisms of resistance and strategies by which to combat these mechanisms is paramount to patient survival.
Several mechanisms of resistance to endocrine therapies have been identified, many centered around the structure, activation, and complex functions of ER, as well as cross-talk between the estrogen signaling network and other cellular pathways. The major form of ER in breast cancer is ERa, encoded by ESR1, and the major function of ER is as a transcription factor controlling genes associated with cell survival and proliferation [3] . ER function is influenced by circulating estrogens and related molecules, giving ER-targeted therapies their success. Posttranslational modifications also influence function, localization, and interaction with other regulators. In addition to ERa, there also exists transcription factor ERb, encoded by ESR2, as well as alternatively spliced and truncated variants of ESR1/ERa [4]. The biology of ER is complex and how breast tumors can gain ER function then maintain this despite ER inhibition is not well understood. Thus, the mechanism of action of various endocrine therapies is complicated, varies, and remains an active area of investigation.
Known mechanisms of resistance to hormone therapies are complex and include epigenetic regulation of ESR1 expression [5, 6] , ESR1 mutations [7] [8] [9] [10] [11] [12] , alternative splicing events [3], ESR1 truncation and fusion events [13] , post-translational modifications [14, 15] , alterations in the hormone binding domain [7, 16] , alternative recruitment sites within the genome [17] , differential recruitment of coregulators [18] , feedback loops by ER target genes on expression/activity of ER [19 ] , downstream actions of ER target genes on growth factor pathways and other signaling networks [20, 21 ], influences of the tumor microenvironment [22] , and many others (Figure 1 ). The details of these mechanisms are beyond the scope of this review but have been thoroughly described by others [23, 24] . The complexity of ER function in tumor cells underscores the heterogeneity of breast cancer biology and demonstrates a necessity for continued basic research and clinical demonstration to effectively target the pathways essential to tumor cell survival.
Much literature exists detailing the mechanisms of resistance. This review highlights two major pathways that have recently emerged as important opportunities for therapeutic intervention in endocrine resistant breast tumors: the phosphatidylinositol 3-kinase (PI3K)/AKT/ mammalian target of rapamycin (mTOR) cell signaling pathway and the cyclin D1/cyclin-dependent kinase (CDK)4/6 cell cycle pathway. Inhibitors to these pathways have been developed, assessed in preclinical studies, and investigated in multiple clinical trials, each with marked benefit toward improving survival but also with specific challenges and limitations discussed below.
PI3K/AKT/mTOR pathway
The PI3K/AKT/mTOR pathway is essential for cell growth and survival, protein synthesis, and glucose metabolism. It is dysregulated in many tumor types, prompting investigation of inhibition of this pathway in many cancer models, including the triple negative subtype of breast cancer [25] . Cross-talk between this pathway and estrogen-mediated signaling is known [26, 27] , prompting investigation of inhibitors targeting this pathway in ER+ breast tumors. Genomic alterations in PIK3CA, the gene encoding the catalytic subunit of PI3K, are common in ER+ tumors [28 ,29,30] . It is thought that suppression of the PI3K/AKT/mTOR pathway can lead to increased activity of ER, facilitating resistance, and therefore many groups have used preclinical models to elucidate the mechanisms of PI3K/AKT/mTOR pathway inhibitors and the influence these compounds have on estrogen-mediated signaling [19 ,21 ,25,31-33] .
Evidence suggests that, while inhibition of the PI3K/ AKT/mTOR pathway at all levels results in reduced cell proliferation and survival, the complexity of this signaling pathway ensures that compensatory mechanisms are activated that confer resistance to single inhibitors [32, 33] . For example, inhibition of mTOR results in activation of AKT as well as extracellular signal-regulated kinase (ERK), leading to increased signaling through alternative branches of these pathways [19 ,21 ] . Similarly, inhibition of PI3K activates upstream tyrosine kinases, allowing cells to escape the inhibitory effects on cell proliferation [21 ] . AKT, after activation by PI3K, can phosphorylate ER at S167, resulting in ligand-independent activation of ER-mediated transcription [34, 35] . Ribas and colleagues demonstrated that inhibition of AKT with AZD5363 re-sensitizes cells to tamoxifen, acts synergistically with fulvestrant, and prevents emergence of hormone-independent cells in vivo. However, in their model, AKT inhibition activated positive feedback loops driven by MYC, resulting in increased gene expression of human epidermal receptor growth factor 2 and 3 (ERBB2--ERBB3), ERK5, and insulin-like growth factor 1 (IGF1) [19 ] . These observations have led to investigation of the use of multiple inhibitors simultaneously and development of novel inhibitors based on alternative iterations of PI3K ligand binding pockets generated by mutations in PIK3CA. Cross-talk between the PI3K/AKT/mTOR and ER pathways has immense clinical relevance, but further investigation is required to fully understand the interaction between these pathways. We are not aware of active trials combing a mTOR inhibitor and AKT inhibitor but await the results of combined mTOR inhibitors with PI3K inhibitors.
Several inhibitors of the PI3K/AKT/mTOR pathway have been tested in clinical trials in ER+ tumors in conjunction with various endocrine therapies. In 2012, the mTOR inhibitor everolimus was approved by the Food and Drug Administration (FDA) for the treatment of postmenopausal women with advanced ER+/HER2À breast cancer in combination with exemestane. The approval was based on a randomized double-blind multicenter trial (BOLERO-2), where the combination significantly improved disease free survival (DFS) compared to exemestane alone (7.8 months versus 3.2 months) [36] . Recently, the results from a phase 3 trial involving buparlisib, a pan-PI3K inhibitor targeting all four isoforms of class I PI3K (a, b, d, and g), were presented and published [37] . Although the efficacy data of buparlisib supports the use of PI3K inhibitors plus endocrine therapy in patients with PIK3CA mutations, the safety profile of buparlisib plus fulvestrant did not support its further 62 Cancer 
CyclinD1/CDK4/6 pathway
Cell cycle progression is regulated by many proteins, including the cyclins and cyclin-dependent kinases (CDK). Cyclin D1 binds to CDK4/6 to regulate progression through the G1 phase of the cell cycle and is a known downstream target of the PI3K/AKT/mTOR pathway [39] . CDK4/6 has also been shown to crosstalk with the ER signaling pathway [40] . Vora and colleagues showed that insensitivity to PI3K inhibitors is evident by persistent RB phosphorylation and can be effectively overcome by combining a CDK inhibitor with a PI3K inhibitor [40] .
Since tumorigenesis relies heavily on unchecked progression through the cell cycle, the cyclinD1/CDK4/6 pathway has emerged as a desirable target in the treatment of many cancers, including breast [41] [42] [43] . Originally, inhibitors such as palbociclib were hypothesized to be most efficacious in the triple negative subtype of breast cancer, but early studies identified ER expression as highly correlated with response to palbociclib [44] . Over the past 3 years, multiple large-scale clinical trials have demonstrated that inhibiting CDK4/6 leads to significant clinical benefit when combined with standard endocrine therapies in metastatic ER+, HER2-negative breast cancer [45] [46] [47] [48] [49] [50] [51] [52] . Currently CDK4/6 inhibitors, including palbociclib, ribociclib and abemaciclib, are being increasingly employed in clinical practice combined with endocrine therapy. Also, abemaciclib was approved as a monotherapy in ER+, HER2-negative metastatic breast cancer whose disease progressed during or after endocrine therapy [50] . However, CDK4/6 inhibitors typically induce tumor stabilization with only modest increased rates of tumor shrinkage and their cytostatic effects are limited by primary and acquired resistance. Primary and acquired resistance to CDK4/6 inhibitors mediated by loss of the RB1 gene has been demonstrated in preclinical models [53,54 ,55] . In a recent study, the emergence of acquired resistance to palbociclib or ribociclib with the concurrent development of multiple de novo somatic RB1 mutations was shown in metastatic ER+ patients [56] . Table 2 summarizes the ongoing clinical trials with CDK4/6 inhibitors.
Conclusions
Resistance to endocrine therapy remains the most significant challenge in treatment of ER+ breast tumors. Despite this resistance, ER signaling remains biologically significant in these cells, and full understanding of the complex signaling pathways responsible for tumor progression remain to be elucidated. There is a lack of evidence informing optimal sequencing of available therapies in the treatment of advanced ER+ breast cancer [57 ] . Currently, the working hypothesis within the field is that multiple signaling pathways must converge on essential biological functions such as cell cycle progression, cell survival, and estrogen-independent ER-mediated transcription, such that effective blockade of tumor progression will only be achieved by combination therapies that affect all compensatory mechanisms and alternative pathways. Breast cancer is a highly heterogeneous disease with novel essential factors constantly being discovered at the preclinical level. This is seen here by combination studies that include hormone therapy with addition of inhibitors targeting RAS/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase (MAPKinase), MAPK kinase (MEK), Vascular Endothelial Growth Factor (VEGF), other growth factor receptor inhibitors (e.g. IGF, Insulin Growth Factor; FGFR, Fibroblast Growth Factor Receptor) [23] , and other immunotherapy inhibitors [58] . Additionally, more potent and bioavailable selective estrogen receptor degraders (SERD) are being tested to overcome resistance induced by ESR1 mutations [10] . Advances in genomic and other technologies that allow deeper understanding of individual tumors and further investigation into the cross-talk between these signaling pathways have provided a plethora of data that require continued mining, both in the preclinical and clinical settings, to personalize therapeutic regimens for each patient.
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